Abstract-An activated carbon obtained from olive stones and with very low ash content (0.10%) was treated with either HCI, HF or HNO,. The changes in surface area and porosity resulting from the acid treatments were studied by N, and CO, adsorption at 77 and 273 K, respectively and by mercury porosimetry. The changes in surface chemistry were studied by temperature-programmed desorption and Fourier transformed infrared spectroscopy. The treatments with HCl yielded activated carbons on which some chlorine remained chemisorbed, whereas the HF treatment did not fix any fluorine. Due to this, the HCI treatment had a slight effect on the microporosity of the samples. Moreover, the HF treatment increased the amount of CO-evolving surface groups. The treatment with HNO, destroyed the pore walls to a large extent, fixing a large amount of oxygen surface groups. The nature and structure of the CO-and CO,-evolving groups will be discussed in detail. 0 1997 Elsevier Science Ltd All rights reserved
INTRODUCTION
Activated carbons and coal chars are frequently treated with non-oxidant acids such as HCl and HF in order to reduce their mineral matter content [l-31. Depending on the amount and nature of the mineral matter as well as its distribution in the carbon matrix, the demineralization process can bring about changes in the surface area and pore texture of the sample, since the mineral matter can block a part of the carbon porosity.
However, the acid treatment itself might modify the surface area and porosity of the sample independently of the changes introduced by removal of the mineral matter.
On the other hand, the treatment of activated carbons and coal chars with oxidant acids, such as HNO,, apart from removal of the mineral matter introduces oxygen surface complexes that change the surface chemistry and can alter the surface area and porosity of the original sample [4-lo] .
The objective of this work was to study the effects of acid treatments with HCl, HF and HNO, on the surface area, porosity and surface chemistry of an activated carbon with a very low ash content (0.10%) prepared from a lignocellulosic material. Thus, if changes occur in the surface properties of the samples after the acid treatments these will not be due to removal of the mineral matter.
EXPERIMENTAL
An activated carbon was prepared from olive stones. The raw material, with a particle size between *Corresponding author. 145 1 and 1.4 mm was placed in a quartz boat inside a horizontal tubular furnace (from Heraeus) and was carbonized in N, flow (300 cm3 min-') at 1273 K for 1 hour and then activated in CO, flow (300 cm3 min-') at 1263 K for 10 hours up to 54% burn-off. The sample so obtained was ground and sieved to give a particle size between 0.5 and 0.8 mm. This activated carbon will be referred to in the text as A.
Different portions of A were treated with HCl. HF, alternately with HCl and HF, and with HNO,. For treatment with HCl, the sample was mixed with concentrated HCl, 1 g/10 mL, and the suspension stirred for 1 hour at around 333 K. The HF treatment was carried out in a similar way. These two samples will be referred to in the text as AC1 and AF, respectively.
The treatment with HCl and HF was as follows: the sample AC1 was treated with HF as described above. This sample will be referred to in the text as AClF.
For the treatment with HNO,, activated carbon A was mixed with concentrated HN03, 1 g/10 mL, and the suspension was evaporated at around 333 K until dryness. This sample will be referred to in the text as AN.
After acid treatments all samples were washed thoroughly with distilled water until halides or nitrate could no longer be detected by AgNO, or brucine, respectively, in the washing water. The halogen content of the samples was analyzed by X-ray photoelectron spectroscopy (XPS) with an Escalab 200R equipment using Mg Kcc (hv= 1253.6 eV) as a radiation source. The ash content of the samples was determined by burning a portion of each carbon in air at 973 K until constant weight of the residue.
Four different portions of sample AN were heated in a He flow (60 cm3 min-') at 20 K min-' up to a final temperature ranging from 673 to 1173 K to obtain samples AN673, AN763, AN873 and AN 1173. to pores with a diameter between 7.5 and 50 nm, Vz, and the pore volume of pores with a diameter higher than 50 nm, V3. The estimated error in these volumes was better than 5% and it was obtained by repeating several mercury porosimetry runs on selected samples. Temperature-programmed desorption (TPD) was carried out by heating the samples up to 1250 K in a He flow at a heating rate of 50 K min-', recording the amounts of CO, CO, and water with a quadrupole mass spectrometer from Balzers, model Thermocube, as a function of temperature as described elsewhere [IO] . The calibrations for CO and CO2 were carried out by analyzing these gases diluted in He (IO ~01%) and the calibration for H,O was performed by means of a TPD of CuSO,.SH,O.
The masses (uma) analyzed for these gases were: H, 17, 18; 16, 28; and CO, 12, 16, 28, 44 . The estimated error in the determination of these gases was lower than 2%, and it was obtained by repeating at least three times the TPD runs on each sample.
In order to determine the amounts of CO-and CO,-evolving groups of the samples AN673, AN763, AN873 and AN1173, four different portions of AN were heated in a He flow at a heating rate of 50Kmin~', in the same TPD equipment, up to a final temperature of 673, 763, 873 and 1173 K. Once the maximum temperature was reached, the sample was cooled down to room temperature and. without any exposure to air during all of the experiment, it was heated again up to 1250 K to determine the amounts of CO and CO, left on the surface of the heat-treated samples. The transmission FTIR spectra were obtained with a Nicolet 20SXB spectrophotometer using KBr wafers containing about 0.5% carbon. These wafers were dried overnight at 393 K before the spectra were recorded.
The FTIR spectra of the samples were obtained by adding 100 scans at a resolution of I cm-'.
RESULTS AND DISCUSSION
The ash content, surface area and porosity of the activated carbons are given in Tables 1 and 2 . The amount of oxygen surface complexes that evolved as CO and CO, after the heat treatment up to 1250 K are compiled in Table 3 .
Treatments with HCl and HF

After treatments
with HCI, HF, and alternately with HCI and HF, the ash content of the original sample A was reduced. Samples AC1 and ACIF have a slightly lower SN, value than the original carbon A, whereas sample AF has an equal SN, value to A. The acid treatments practically did not change the meso and macropore volumes of the original carbon A.
The MSD of all these samples are depicted in Fig. I , and show that samples A and AF have a coincident MSD as in the case of the couple of samples ACI and ACIF. Furthermore, in these latter samples the maximum MSD is shifted to narrower micropores, this feature is also indicated by the higher value of E,, for samples AC1 and ACIF in relation to A and AF.
For all samples their MSD is extended beyond 2 nm, the limit of the micropores. Thus, the distribution curves were integrated up to this limit and the W, values so obtained are referred to in the text as W,(corr). This method was used in previous works [ 10,141, and therefore the W,(corr) values represent the micropore volume of the activated carbon samples. The results obtained indicate that samples ACI and AClF have a slightly lower micropore volume than sample A, whereas sample AF has a similar micropore volume to sample A.
These results may be due to the fact that after *From the amounts of CO and CO, evolved. treatment with HCl some chlorine remained chemisorbed on the surface of the sample decreasing the micropore volume and shifting the MSD to narrower micropores, whereas the treatment with HF does not fix any fluorine to the surface. Thus, by XPS analysis 0.30% Cl was detected on samples AC1 and AClF, whereas no fluorine was detected on samples AF and AClF.
The ability of the activated carbon to chemisorb chlorine and not fluorine would be related with the different acid strengths of HCl and HF. Thus, hydrofluoric acid is a very weak acid in aqueous solution By contrast, the weakness of the OH-Cl hydrogen bond ensures that there is very little impediment to complete ionic dissociation and aqueous solutions of HCl are strong acids, with a pK,= -7 at 298 K.
On the other hand, the data in Table 3 show that samples AF and AClF have a higher oxygen content than samples A and ACl, due to an increase in the oxygen surface complexes that evolved as CO. This increase in oxygen content upon immersion in aqueous acid solution has been reported elsewhere in the case of some carbons [ 16,171.
Treatment with HN03
The treatment of sample A with HNO, to produce sample AN brings about a large increase in oxygen content and a large decrease in both the &, value and in the micropore volume, IV,, producing at the same time a slight widening of the microporosity as shown by the decrease in E, and from the MSD which is depicted in Fig. 2 . In this case, the distribution is also extended beyond 2 nm and was, therefore, corrected, as mentioned above, to obtain W,(corr).
The IV,(corr) is also lower than the value corresponding to sample A. Similar results were obtained with other activated carbons from lignocellulosic materials treated with HNO, [lo] , the decrease in SNz and W,(corr) observed was explained in that work as due to the destruction of the pore walls by oxidant treatment because of the drastic experimental conditions used. Thus, it was found [lo] that in a series of activated carbons with different degrees of activation, and oxidized by the same treatment used here to introduce almost the same oxygen content in each carbon of the series, around 20%, the higher the degree of activation of the original sample the higher the decrease in SNZ and W,(corr). Since an increase in the degree of activation makes the pore walls thinner and, thus, more easily destroyed by the HNO, treatment.
Two mechanisms, acting at the same time, have been proposed to explain the breaking of the micropore walls [ 181 after treatment with a strong oxidant such as HNO,:
one is by oxidation to produce oxygenated terminal groups, and the other is the mechanical destruction of the pores by the surface tension of the oxidizing solution.
The oxidation of sample A to obtain sample AN causes to slightly decrease the mesopore volume, V,. and to increase the macropore volume, Vj. 
T (K)
The SNZ value increases with heat treatment, reaching for sample AN1 173 a similar value to that of the original sample A. However, W,(corr) decreases with the heat treatment which. at the same time, produces a widening of the microporosity as shown from the MSD depicted in Fig. 2 . The Vz value for samples AN873 and AN1 173 is similar but higher than in the case of samples AN and A, which is due to the widening of the micropores with the heat treatment. These changes in porosity are due to the partial gasification of the sample, because during the heat treatment the oxygen surface complexes are evolved as CO and CO*. Thus, the gasification produces a widening of the microporosity, a decrease in its volume and an increase in the mesopore volume, V,. However, the heat treatment does not affect the macropore volume, V3. As shown above, during the heat treatment of AN, SN2 increases with sample AN1 173 reaching the same value as that recorded for sample A. However, the micropore volume, W,,(corr), decreases during the same process. This implies that the increase in SN, for samples AN873 and AN1173 is due to capillary condensation of N, in these samples due to their higher proportion of supermicropores in their micropore structure [lo] . The oxygen content of the samples decreases linearly with an increase of the final temperature of the heat treatment up to 1250 K, as shown in Fig. 3 . However, the decrease in CO,-evolving groups is more marked than the decrease in CO-evolving groups, resulting in a maximum CO/CO, ratio at 873 K as shown in Fig. 3 . 
T(K)
The CO and CO, desorption profiles are shown in Figs 4 and 5, respectively.
Figure4 shows that the CO profile of the heat-treated samples always begins at a temperature lower than that to which the heat treatment was carried out. The amount of CO desorbed below the maximum temperature of the heat treatment increases as the amount of CO desorbed during the sample preparation increases, as shown in Fig. 6(a) . Therefore, the amount of CO evolved below the maximum temperature of the treatment can be due to the decrease in the thermal stability of some of the CO-evolving groups left on the carbon surface after the heat treatment, owing to the changes produced in the "molecular structure" of the carbon by evolution from it, as CO and CO,, of the oxygen surface complexes.
Another explanation might by CO readsorption from the gas phase. The total amounts of CO and CO, evolved from AN during the first TPD up to the maximum temper- ature of the heat treatment, plus the following TPD up to 1250 K, i.e. the data of Table 3 to which the amounts of CO and CO1 evolved during sample preparation were added, are given in Table 4 . These results show that the CO evolved after two successive TPD's is practically equal to the amount of CO evolved from sample AN heated up to 1250 K, which indicates that there was no CO readsorption. Therefore, the CO evolved below the maximum temperature of the heat treatment will be due to the decrease in the thermal stability of some CO-evolving groups due to the changes introduced in the "molecular structure" of the carbon.
This decrease in the CO-thermal stability will be higher with increasing the amounts of CO evolved up to the maximum temperature of the heat treatment, because this will result in an increase in the changes produced in the "molecular structure" of the carbon. Nevertheless, as shown in Fig. 6(a) , the relationship found is not linear because the amount of CO-evolving complexes left on the sample The CO, profiles of the heat-treated samples are depicted in Fig. 5 . In this case there also appears a certain amount of CO, below the maximum temperature of the heat treatment but its relation with the amount of CO, evolved during sample preparation, shown in Fig. 6(b) , is quite different to that found in the case of CO. Thus, there is a slight increase for samples heat treated between 673 and 873 K and a large decrease for sample ANl173. This would be due to a smaller amount in CO,-evolving groups than CO-evolving groups left on the surface (see Table 3 ) after heating at 1173 K. The explanation for the appearance of this CO2 below the maximum temperature of the heat treatment would be similar to that given in the case of CO.
The COZ desorption profile of AN given in Fig. 5 is in part similar to that found for other activated carbons oxidized by HNO,, and is indicative of the occurrence of chemically different complexes and/or the same oxygen complex existing on energetically different sites [ 10,20-221. The maximum rate of CO, evolution is at 550 K, which is due to the decomposition of surface carboxyl groups. The existence of carboxyl groups on activated carbons after oxidation with HNO, has been shown on many occasions using TPD and/or FTIR techniques and suggested also by carbonization studies of model compounds.
Thus, benzoic acid decomposes at 600 K, releasing CO, [ 23 1. Around the CO, peak at 550 K there are two shoulders at 510 and 590 K, respectively, which indicate the existence of carboxyl groups on energetically different carbon sites or with different acid strengths.
It has been proposed [24] that the evolution of CO1 at low temperature, around 480 K, from coals could be due to the decomposition of some acid structures like resorcinol 2-carboxylic acids.
After the shoulder at 590 K in the CO, profile there is a tail up to 1250 K with several shoulders of different intensity. Thus, there is a pronounced shoulder at 706 K followed by two small shoulders at 792 and 934 K. This might indicate the existence of different oxygen surface groups that evolve as CO, such as lactones and anhydrides.
For instance, the decomposition of phthalic anhydride produces both CO and CO, at about 950 K [23], whereas, as commented above, the carboxyl groups decompose at about 600 K. The anhydride groups can be formed from two adjacent carboxyl groups during TPD runs [ 10, 25, 26] by dehydration.
The water desorption profile of sample AN is shown in Fig. 5 and it presents two peaks: the one occurring at the lower temperature is due to the evolution of physisorbed water and that occurring at the higher temperature, around 500 K, and observed in other oxidized car-bons could be due to the dehydration of two adjacent carboxyl groups [ 10,261. The possibility that some of these shoulders might be due to the presence of the same oxygen complex on energetically different sites should not be eliminated. Marchon et ~1. [27] found that after adsorption of 02, CO2 and H,O on polycrystalline graphite CO* evolved in five TPD peaks at 463. 573. 693 and 903 K (with the exception of the peak at 463 K the others are coincident to those found with sample AN). They proposed that lactone groups of various classes and/or located on different sites (zigzag, armchair...) were responsible for the CO2 peaks found.
It is evident from Fig. 5 that for samples heat treated above 673 K the carboxyl groups disappeared and CO,-evolving groups such as lactones and anhydride groups are left.
The CO profile of AN is shown in Fig. 4 , and it presents peaks or shoulders at around 534, 752. 975 and 1108 K, with the maximum rate of CO evolution at 975 K. All or some of these CO desorption temperatures were found before [lo] with other carbons and oxidized by different methods. As in the case of the CO, profile, the different CO peaks are indicative of the existence of chemically different surface complexes such as: quinone, semiquinone, carbonyl. hydroxyl, hydroquinone, carboxyl anhydrides or the same complex existing on energetically different sites. Marchon et al. [27] found three CO desorption peaks at 973, 1093 and 1253 K which were tentatively assigned to semiquinone functional groups on energetically different sites, which are known to be very stable in the series of polycyclic aromatic compounds. However. the existence of other CO-evolving groups such as hydroquinones, phenols and carboxyl anhydrides that will evolve CO and CO2 (probably at the same temperature)
can not be eliminated. The appearance of a small CO desorption peak at low temperature, 534 K, may be due to the thermal decomposition of carbonyl groups in a-substituted ketones and aldehydes [24] .
The FTIR spectra of the different samples are shown in Fig. 7 . It is important to indicate that during preparation of the wafers the samples were exposed to atmosphere, therefore, if during the heat treatment some carboxyl anhydride groups were formed by dehydration from two adjacent carboxyl groups (at around 500 K), these would be rehydrated and the vibration frequencies of carboxyl acid groups would appear again in their FTIR spectra. Heat treatment of AN up to 873 K resulted in splitting of the band at 1720cm-' into two close bands at 1735 and 1700 cm-' and made the shoulder at 1460 cm-' appear as a band from sample AN763. The bands at 1735 and 1460 cm-' can be attributed to carboxyl groups that originally exist on thesetreated samples as anhydrides and that are transformed into carboxyl groups during sample preparation for FTIR experiments. Thus, these FTIR spectra might be an indication that carboxyl anhydrides groups were formed during the heat treatment of sample AN because, as commented above, from TPD runs, the carboxyl groups disappeared when heating above 673 K. Another explanation might be the assignments of the band at 1735 cm-~ ' to lactone groups, as suggested in the literature [29, 30] , and the band at 1460 cm -' to CH bending vibrations.
The peak at 1700 cm-' near to 1720 cm ' is probably due to ketone groups [31] and it clearly appears defined as the intensity of the peak due to carboxyl groups decreases.
Sample AN 1173 still presents peaks at 1740, 1700 and 1460 cm-'.
Due to the very low amount of CO, evolved from this sample it is not likely that the 1740 and 1460 cm-1 peaks are due to carboxyl or lactonic ( 1740 cm-I) groups so these might be assigned to other surface groups that evolved as CO such as carbonyl ( 1740 cm-') or phenol ( 1460 cm ') groups, or this last band can even be assigned to CH bending vibrations.
A shoulder at 1660cm-i, which can be assigned to surface quinone groups [28] , only appears in samples AN763, AN873 and AN1173, probably because of the lowering in intensity of the peak centred at around 1720 cm-i.
The band in the region of 1600 cm ml has been observed by many authors and has not been interpreted unequivocally.
This has been assigned to aromatic ring stretching coupled to highly conjugated carbonyl groups (C=O) [28] .
In the 1300-1400 cm-' region, bands appear in all samples that can be attributed to the deformation vibrations of CH2 (1415 cm-'), aromatic ring absorption ( 1400 cm-') and deformation vibrations of C-H and C-OH (1370, 1320 and 1310 cm-') [28] .
Bands in the 1000-1200 cm-' region are difficult to assign because there is a superposition of a number of broad overlapping bands. They cannot, therefore, be described in terms of simple motion of specific functional groups or chemical bonds [32] . The band in the 900 cm-' region can be assigned to a deformation vibration of C-H [28].
CONCLUSIONS
Treatment of the activated carbon with HCl left some chlorine chemisorbed on its surface, slightly decreasing its micropore volume and width, whereas the treatment with HF did not affect the micropore structure because fluorine was not fixed during the acid treatment. These changes were explained by the difference in the strength of both acids. Furthermore, the HF treatment increased the amount of CO-evolving surface groups. Treatment of the activated carbon with HN03 produced a decrease in surface area and microporosity due to the destruction of the pore walls by the oxidant treatment. Evidence of formation of carboxyl acid groups on energetically different carbon sites or with different strengths is given. Some of these groups were adjacent and yielded carboxyl anhydride groups, by dehydration, during the heat treatment. Other CO,-evolving groups such as lactone were probably also formed.
The oxidant treatment also fixed, to a much greater extent, CO-evolving groups.
The formation of ketone, quinone and phenol groups seems probable from FTIR experiments.
However, the possible existence of other CO-evolving groups as well as the same groups on energetically different carbon sites should not be eliminated.
During heat treatment of the oxidized sample at different temperatures up to 1173 K there is a decrease in the thermal stability of some CO-and CO,-evolving groups left on the carbon surface, in such a way that they evolve below the maximum temperature of the heat treatment previously given to the sample. This decrease in the thermal stability is due to changes introduced in the "molecular structure" of the carbon by the CO and CO2 evolution.
